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1

HEARING DEVICE INCORPORATING
ANTENNA ARRANGEMENT WITH SLOT
RADIATING ELEMENT

TECHNICAL FIELD

This application relates generally to hearing devices,
including ear-worn electronic devices, hearing aids, personal

amplification devices, and other hearables.

BACKGROUND

Hearing devices provide sound for the wearer. Some
examples of hearing devices are headsets, hearing aids,
speakers, cochlear implants, bone conduction devices, and
personal listening devices. For example, hearing aids pro-
vide amplification to compensate for hearing loss by trans-
mitting amplified sounds to a wearer’s ear canals. Hearing,
devices may be capable of performing wireless communi-
cation with other devices, such as receiving streaming audio
from a streaming device via a wireless link. Wireless com-
munication may also be performed for programming the
hearing device and receiving information from the hearing
device. For performing such wireless communication, hear-
ing devices such as hearing aids may each include a wireless
transceiver and an antenna.

SUMMARY

Embodiments are directed to an ear-worn electronic
device configured to be worn by a wearer and comprising an
enclosure configured to be supported by, in or on an ear of
the wearer. Electronic circuitry 1s disposed in the enclosure
and comprises a wireless transcerver. An antenna 1s disposed
in or on the enclosure and coupled to the wireless transceiver
via a feedline. The antenna comprises two antenna elements
cach comprising electrically conductive material and having
an area greater than an area of the feedline. The two antenna
clements are oriented substantially 1 opposition to one
another and at least some of the electronic circuitry 1is
disposed between the two antenna elements. At least one
strap 1s connected to and between the two antenna elements.
At least one slot radiating element 1s incorporated 1n at least
one of the two antenna elements and the at least one strap.

Embodiments are directed to an ear-worn electronic
device configured to be worn by a wearer and comprising an
enclosure configured to be supported by, 1n or on an ear of
the wearer. Electronic circuitry 1s disposed 1n the enclosure
and comprises a wireless transceiver. An antenna 1s disposed
in or on the enclosure and coupled to the wireless transceiver
via a feedline. The antenna comprises two operably coupled
antenna elements each comprising electrically conductive
material and having an area greater than an area of the
feedline. The two antenna elements are oriented substan-
tially in opposition to one another and at least some of the
clectronic circuitry disposed between the two antenna ele-
ments. At least one slot radiating element 1s incorporated in
at least one of the two antenna elements and configured such
that excitation of the antenna excites a slot mode of the at
least one slot radiating element.

The above summary 1s not intended to describe each
disclosed embodiment or every implementation of the pres-
ent disclosure. The figures and the detailed description
below more particularly exemplity illustrative embodi-

ments.

BRIEF DESCRIPTION OF THE DRAWINGS

Throughout the specification reference 1s made to the
appended drawings wherein:

10

15

20

25

30

35

40

45

50

55

60

65

2

FIGS. 1A and 1B illustrate a hearing device arrangement
adapted to be worn at an ear of a wearer and incorporates an

antenna comprising one or more slot radiating elements 1n
accordance with various embodiments:

FIGS. 2A and 2B illustrate a hearing device which incor-
porates an antenna comprising one or more slot radiating
elements 1n accordance with various embodiments;

FIG. 3 1llustrates an antenna which includes one or more
slot radiating elements 1n accordance with various embodi-
ments;

FIG. 4 1llustrates an antenna which includes one or more
slot radiating elements 1n accordance with various embodi-
ments;

FIG. 5 1llustrates an antenna which includes one or more
slot radiating elements 1n accordance with various embodi-
ments;

FIG. 6 illustrates an antenna which includes one or more
slot radiating elements 1n accordance with various embodi-
ments;

FIG. 7 1llustrates an antenna which includes slot radiating,
elements 1n accordance with various embodiments;

FIGS. 8 A and 8B 1llustrate an antenna which includes slot
radiating elements 1n accordance with various embodiments;

FIGS. 9A and 9B 1llustrate an antenna which includes slot
radiating elements 1n accordance with various embodiments;

FIG. 10 illustrates an antenna which includes slot radiat-
ing clements 1n accordance with various embodiments;

FIG. 11 illustrates an antenna which includes slot radiat-
ing e¢lements 1n accordance with various embodiments;

FIG. 12 illustrates an antenna which includes slot radiat-
ing elements filled with dielectric or magnetic material 1n
accordance with various embodiments;

FIG. 13 shows a slot radiating element incorporated 1n an
antenna having a rectangular shape with electric and mag-
netic fields illustrated within the slot 1n accordance with
various embodiments;

FIG. 14 shows a slot radiating element incorporated 1n an
antenna having a rectangular shape with electric and mag-
netic fields illustrated within the slot 1n accordance with
various embodiments; and

FIG. 15 shows a slot radiating element incorporated 1n an
antenna having a rectangular shape with electric and mag-
netic fields illustrated within the slot in accordance with
various embodiments.

The figures are not necessarily to scale. Like numbers
used 1n the figures refer to like components. However, 1t will
be understood that the use of a number to refer to a
component 1n a given figure 1s not intended to limit the
component 1n another figure labeled with the same number;

DETAILED DESCRIPTION

It 1s understood that the embodiments described herein
may be used with any ear-worn electronic hearing device
without departing from the scope of this disclosure. The
devices depicted 1n the figures are intended to demonstrate
the subject matter, but not 1n a limited, exhaustive, or
exclusive sense. Ear-worn electronic hearing devices (re-
ferred to herein as “hearing devices™), such as hearables
(e.g., wearable earphones, ear monitors, and earbuds), hear-
ing aids, hearing instruments, and hearing assistance
devices, typically include an enclosure, such as a housing or
shell, within which internal components are disposed. Typi-
cal components of a hearing device can include a processor
(e.g., a digital signal processor or DSP), memory, power
management circuitry, one or more communication devices
(e.g., a radio, a near-ficld magnetic induction (NFMI)
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device), one or more antennas, one or more microphones,
and a recerver/speaker, for example. Hearing devices can
incorporate a long-range communication device, such as a
Bluetooth® transceiver or other type of radio frequency
(RF) transceiver. A communication device (e.g., a radio or
NFMI device) of a hearing device can be configured to
facilitate communication between a left ear device and a
right ear device of the hearing device.

Hearing devices of the present disclosure can incorporate
an antenna coupled to a high-frequency transceiver, such as
a 2.4 GHz radio. The RF transceiver can conform to an IEEE
802.11 (e.g., WiF1®) or Bluetooth® (e.g., BLE, Bluetooth®
4.2 or 5.0) specification, for example. It 1s understood that
hearing devices of the present disclosure can employ other
transceivers or radios, such as a 900 MHz radio. Hearing
devices of the present disclosure can be configured to
receive streaming audio (e.g., digital audio data or files)
from an electronic or digital source. Representative elec-
tronic/digital sources (e.g., accessory devices) mnclude an
assistive listening system, a TV streamer, a radio, a smart-
phone, a laptop, a cell phone/entertainment device (CPED)
or other electronic device that serves as a source of digital
audio data or other types of data files. Hearing devices of the
present disclosure can be configured to effect bi-directional
communication (e.g., wireless communication) of data with
an external source, such as a remote server via the Internet
or other communication infrastructure.

The term hearing device of the present disclosure refers to
a wide variety of ear-level electronic devices that can aid a
person with impaired hearing. The term hearing device also
refers to a wide variety of devices that can produce pro-
cessed sound for persons with normal hearing. Hearing
devices of the present disclosure include hearables (e.g.,
wearable earphones, headphones, earbuds, virtual reality
headsets), hearing aids (e.g., hearing instruments), cochlear
implants, and bone-conduction devices, for example. Hear-
ing devices include, but are not limited to, behind-the-ear
(BTE), in-the-ear (ITE), in-the-canal (ITC), invisible-in-
canal (IIC), receiwver-in-canal (RIC), receiver-in-the-ear
(RITE) or completely-in-the-canal (CIC) type hearing
devices or some combination of the above. Throughout this
disclosure, reference 1s made to a “hearing device,” which 1s
understood to refer to a system comprising a single left or
right ear device or a combination of a left ear device and a
right ear device.

FIGS. 1A and 1B illustrate various components of a
representative hearing device arrangement i accordance
with various embodiments. FIGS. 1A and 1B illustrate first
and second hearing devices 100A and 100B configured to be
supported at, in or on left and right ears of a wearer. In some
embodiments, a single hearing device 100A or 100B can be
supported at, in or on the left or right ear of a wearer. As
illustrated, the first and second hearing devices 100A and
100B 1include the same functional components. It 1s under-
stood that the first and second hearing devices 100A and
100B can include different functional components.

The first and second hearing devices 100A and 100B
include an enclosure 101 configured for placement, for
example, over or on the ear, in the external ear canal or
behind the ear. Disposed within the enclosure 101 1s a
processor 102 which mcorporates or 1s coupled to memory.
The processor 102 can include or be implemented as a
multi-core processor, a digital signal processor (DSP), an
audio processor or a combination of these processors. For
example, the processor 102 may be implemented 1n a variety
of different ways, such as with a mixture of discrete analog
and digital components that include a processor configured
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to execute programmed instructions contained in a proces-
sor-readable storage medium (e.g., solid-state memory).

The processor 102 1s coupled to a wireless transceiver 104
(also referred to herein as a radio), such as a BLE trans-
ceiver. The wireless transceiver 104 1s coupled to an antenna
106 configured for transmitting and receiving radio signals.
The antenna 106, according to various embodiments, 1ncor-
porates one or more slot radiating elements 107. The wire-
less transceiver 104 and antenna 106 can be configured to
enable ear-to-ear commumnication between the two hearing
devices 100A and 100B, as well as communications with an
external device. A battery 110 or other power source (re-
chargeable or conventional) 1s provided within the enclosure
101 and 1s configured to provide power to the various
components of the hearing devices 100A and 100B. A
speaker or receiver 108 1s coupled to an amplifier (not
shown) and the processor 102. The speaker or recerver 108
1s configured to generate sound which 1s communicated to
the wearer’s ear.

In some embodiments, the hearing devices 100A and
1008 include a microphone 112 mounted on the enclosure
101. The microphone 112 may be a single microphone or
multiple microphones, such as a microphone array. The
microphone 112 can be coupled to a preamplifier (not
shown), the output of which 1s coupled to the processor 102.
The microphone 112 receives sound waves from the envi-
ronment and converts the sound into an mmput signal. The
input signal 1s amplified by the preamplifier and sampled
and digitized by an analog-to-digital converter of the pro-
cessor 102, resulting 1n a digitized mput signal. In some
embodiments (e.g., hearing aids), the processor 102 (e.g.,
DSP circuitry) 1s configured to process the digitized nput
signal into an output signal in a manner that compensates for
the wearer’s hearing deficiency. When receiving an audio
signal from an external source, the wireless transceiver 104
may produce a second input signal for the DSP circuitry of
the processor 102 that may be combined with the input
signal produced by the microphone 112 or used in place
thereol. In other embodiments, (e.g., hearables), the proces-
sor 102 can be configured to process the digitized input
signal mto an output signal 1n a manner that 1s tailored or
optimized for the wearer (e.g., based on wearer preferences).
The output signal 1s then passed to an audio output stage that
drives the speaker or receiver 108, which converts the output
signal into an audio output.

As was discussed previously, the antenna 106 includes
one or more slot radiating elements 107 1n the form of one
or more cutouts of the antenna 106. Generally, inclusion of
one or more cutouts 1n an antenna reduces the aperture of the
antenna and, hence, the radiation efliciency of the antenna.
As such, one of ordinary skill 1n the art would not be inclined
to 1ncorporate cutouts 1n an antenna for a hearing device,
since doing so would reduce the radiation efliciency of the
antenna. In the construction of many hearing devices, 1t 1s
often necessary to create one or more cutouts in the antenna
in order to meet the mechanical requirements of the hearing
device. For example, one or more cutouts 1n the antenna of
the hearing device may be needed 1n order to accommodate
vartous mechanical, electrical, and/or optical structures or
components of the hearing device. In general, such cutouts
in the antenna reduce the radiation efliciency of the antenna
of the hearing device.

It has been discovered by the inventor that incorporating
one or more cutouts that define slot radiating elements 107
in the antenna 106 advantageously increases the radiation
clliciency of the antenna 106. The antenna 106 1incorporates
one or more slot radiating elements 107 that provide for
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improved wireless performance of the first and second
hearing devices 100A and 100B. In various embodiments,
cach slot radiating element 107 constitutes a cutout in the
antenna 106 which 1s designed so that normal excitation of
the antenna 106 also excites slot modes of the cutout 107.
The cutout 107 1s configured to radiate with the antenna 106
to contribute to an electric field generated by the antenna
106. For example, the antenna 106 i1s configured such that
currents flowing through the antenna 106 excite both the
antenna 106 and slot modes of the cutout 107. In other
words, the cutout 107 operates as a slot mode antenna
incorporated in another antenna 106.

In some embodiments, the antenna 106 includes one or
more cutouts specifically designed to serve as slot radiating,
elements 107. In other embodiments, the antenna 106
includes one or more cutouts designed to meet the mechani-
cal requirements of the hearing device, and these cutouts are
designed to serve as slot rating elements 107. In such
embodiments, the cutouts that are incorporated in the
antenna 106 to meet mechanical requirements are designed
so that normal excitation of the antenna 106 also excites slot
modes of these cutouts. Notwithstanding the reduction 1n the
ellective aperture of the antenna 106 by inclusion of one or
more slot radiating elements 107, excitation of the slot
radiating elements 107 1n addition to the antenna 106 results
in an 1improved radiation efliciency of the antenna 106.

FIGS. 2A and 2B illustrate a hearing device which incor-
porates an antenna comprising one or more slot radiating
clements 1n accordance with various embodiments. The
hearing device 200 shown 1 FIGS. 2A and 2B 1s represen-
tative of a BTE or RIC hearing device (e.g., hearing aid), but
can alternatively be representative of any hearing device
configuration. The hearing device 200 includes an enclosure
202 having a first side 204 (shown 1n FIG. 2A) and a second
side 214 (shown in FIG. 2B). The hearing device 200
includes an antenna 205 comprising a first antenna element
206 supported by or positioned proximate to the first side
204 and a second antenna element 216 supported by or
positioned proximate to the second side 214 of the enclosure
202. In some embodiments, a strap 1s connected to, and
between, the first and second antenna elements 206, 216. In
such embodiments, the strap can incorporate at least one slot
radiating element.

In some embodiments, the antenna 205 1s a folded struc-
ture, such that a gap 1s formed between the two roughly
parallel first and second antenna elements 206, 216. The first
and second antenna elements 206, 216 can constitute solid
sections (e.g., stamped metal plates) that are attached to or
supported by the first and second sides 204, 214 of the
enclosure 202. In other embodiments, the first and second
antenna elements 206, 216 can include plastic plates that
support a metallization layer(s), such as by use of a Laser
Direct Structures (LDS) technique. In further embodiments,
the first and second antenna elements 206, 216 can be
implemented as flex circuits within the enclosure 202 (e.g.,
outer shell) of the hearing device 200.

Each of the first and second antenna elements 206, 216
comprises electrically conductive material and has an area
greater than an area of a feedline that couples the antenna
205 to the wireless transceiver disposed within the enclosure
202. Suitable electrically conductive materials include cop-
per, silver, gold, aluminum, tin, nickel, and alloys and/or
combinations of these metals. The first and second antenna
clements 206, 216 are oriented substantially 1n opposition to
one another and at least some of the electronic circuitry
within the enclosure 202 1s disposed between the first and
second antenna elements 206, 216. For example, one or
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more of the components shown m FIGS. 1A and 1B are
disposed between the first and second antenna elements 206,

216.

As 1s shown 1n FIGS. 2A and 2B, the enclosure 202 has
a length, L, and a height, H,. The antenna 2035 (e.g., the first
and second antenna elements 206, 216) has a length, L., and

a height H,. In some embodiments, the antenna 2035 has a
length, L., that 1s at least about 50% of the length, L, of the
enclosure 202. For example, the length, L, can be at least

about 50%, 60%, 70%, 80% or 90% of the length, L. In
some embodiments, the antenna 205 has a height, H,, that 1s

at least about 50% of the height, H,, of the enclosure 202.
For example, the height, H,, can be at least about 50%, 60%,
70%, 80% or 90% of the height, H,. In other embodiments,
the antenna 2035 can have a length, L, that 1s less than 50%

(e.g., 40%, 30%) of the length, L, of the enclosure 202. In
such embodiments or further embodiments, the antenna 205

can have a height, H, that 1s less than 50% (e.g., 40%, 30%)
of the height, H, of the enclosure 202. It 1s understood that
first and second antenna elements 206, 216 can have difler-
ent lengths and/or heights (e.g., different shapes).

The first and second antenna elements 206, 216 can
incorporate one or more slot radiating elements 208, 218
having the same shape or different shapes. It 1s noted that, in
some embodiments, only one of the first and second antenna
clements 206, 216 includes one or more slot radiating
clements. For example, the first antenna element 206 (posi-
tionable adjacent the wearer’s head) may be devoid of a slot
radiating element, while the second antenna clement 218
(positioned away from the wearer’s head) may incorporate
one or more slot radiating elements. The {first antenna
clement 206 shown in FIG. 2A includes a slot radiating
clement 208 having a generally trapezoidal shape. The
second antenna element 216 shown 1n FIG. 2B includes a
slot radiating element 218 having a generally “L” or step
shape (e.g., a combined rectangular and square shape). As
will be discussed hereinbelow, the slot radiating elements
208, 218 can have a wide variety of shapes.

FIG. 3 illustrates an antenna 300 which includes one or
more slot radiating elements in accordance with various
embodiments. The antenna 300 shown in FIG. 3 (and other
figures) 1s a bowtie-type antenna, referred to herein gener-
ally as a bowtie antenna. A bowtie antenna can be considered
a type of dipole broadband antenna. In general, a bowtie
antenna can include two roughly parallel conductive plates
that can be fed at a gap between the two conductive plates.
Examples of bowtie antennas that may be used 1n hearing
devices are described i U.S. patent application Ser. No.

14/706,173, entitled “HEARING AID BOWTIE
ANTENNA OPTIMIZED FOR EAR TO EAR COMMU-
NICATIONS,” filed on May 7, 2015, U.S. patent Applicant
Ser. No. 15/331,077, entitled “HEARING DEVICE WITH
BOWTIE ANTENNA OPTIMIZED FOR SPECIFIC
BAND,” filed on Oct. 21, 2016, and 1mn U.S. patent appli-
cation Ser. No. 15/718,760, enfitled “EAR-WORN ELEC-
TRONIC DEVICE INCORPORATING ANTENNA WITH
REACTIVELY LOADED NETWORK CIRCUIT,” filed
Sep. 28, 2017, which are commonly assigned to Starkey
Laboratories, Inc., and incorporated herein by reference 1n
theirr enfirety. It 1s understood that antennas other than
bowtie antennas can be implemented to include one or more
slot radiating elements in accordance with embodiments of
the disclosure. Representative antennas include dipoles,
monopoles, dipoles with capacitive-hats, monopoles with
capacitive-hats, folded dipoles or monopoles, meandered
dipoles or monopoles, loop antennas, Yagi-Uda antennas,

L1l
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log-periodic antennas, inverted-F antennas (IFA), planar
inverted-F antennas (PIFA), patch antennas, and spiral
antennas.

The antenna 300 shown 1n FIG. 3 1s a bowtie-type antenna
which includes substantially solid first and second antenna
elements 304, 306 and a feedline 302. The first and second
antenna elements 304, 306 are formed from electrically
conductive material and have an area greater than an area of
the feedline 302. At least one of the first and second antenna
clements 304, 306 includes one or more slot radiating
elements. As 1illustrated, the first antenna element 304
includes a slot radiating element 314 having a substantially
square shape, and the second antenna element 306 includes
a slot radiating element 316 having a substantially rectan-
gular shape.

FIG. 4 illustrates an antenna 400 which includes one or
more slot radiating elements 1n accordance with various
embodiments. The antenna 400 shown in FIG. 4 1s a
bowtie-type antenna which includes substantially solid first
and second antenna elements 404, 406 and a feedline 402.
The first and second antenna elements 404, 406 are formed
from electrically conductive material and have an area
greater than an area of the feedline 402. At least one of the
first and second antenna elements 404, 406 includes one or
more slot radiating elements. As illustrated, the first antenna
clement 404 includes a slot radiating element 414 having a
substantially trapezoidal shape, and the second antenna
clement 406 includes a slot radiating element 416 having a
substantially circular shape.

FIG. 5 1llustrates an antenna 500 which includes one or
more slot radiating elements in accordance with various
embodiments. The antenna 500 shown in FIG. 5 1s a
bowtie-type antenna which includes substantially solid first
and second antenna elements 504, 506 and a feedline 502.
The first and second antenna elements 504, 506 are formed
from electrically conductive material and have an area
greater than an area of the feedline 502. At least one of the
first and second antenna elements 504, 506 includes one or
more slot radiating elements. As illustrated, the first antenna
clement 504 includes a slot radiating element 514 having a
substantially oval shape, and the second antenna element
506 includes a slot radiating element 516 having an arbitrary
shape (e.g., arbitrary closed curve).

In FIGS. 3-5 and other figures, the slot radiating elements
incorporated in the antenna have a variety of shapes that are
shown for purposes of illustration, and not of limitation. It
1s understood that the slot radiating elements can have a
wide variety of shapes. For example, a slot radiating element
can comprise an N-sided polygon, where N>=3. A slot
radiating element can have a regular or irregular polygonal
shape, such as the shape of a regular or irregular square,
rectangle, triangle, quadrilateral, trapezoid, rhombus, paral-
lelogram, kite, pentagon, hexagon, heptagon, octagon, nona-
gon, decagon or dodecagon, or a combination of any of these
shapes. A slot radiating element can have a curved or
curvilinear shape, such as a circle, oval, ellipse, crescent,
quatrefoil, curvilinear polygon, an arbitrary closed curve, or
a combination of any of these shapes. A slot radiating
clement can have a combination of polygonal and curvilin-
car shapes.

FIG. 6 1illustrates an antenna 600 which includes one or
more slot radiating elements in accordance with various
embodiments. The antenna 600 shown 1n FIG. 6 1s a bowtie
antenna shown 1n a flattened state for illustrative purposes.
The antenna 600 i1ncludes a first antenna element 602, a
second antenna element 604, and an electrically conductive
strap 606 connected to, and between, the first and second
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antenna element 602, 604. When installed in a hearing
device enclosure, the antenna 600 assumes a folded shape,
such that the first antenna element 602 is oriented substan-
tially 1n opposition to, and roughly parallel with, the second
antenna clement 604. A feedline 610 1s coupled to the first
and second antenna elements 602, 604 and a radio of the
hearing device.

Although not shown in FIG. 6 and other figures, 1t is
understood that, in some embodiments, that radio of the
hearing device and the feedline 610 can be coupled via an
intervening matching network or a filter. Is i1t also under-
stood that, 1n some embodiments, the feedline 610 can be a
“connectionless” or “non-contacting” feed, such that
antenna 600 1s physically separated trom the feedline 610 by
a dielectric material. The dielectric material enables the
feedline 610 to remain electrically coupled to the antenna
600, such that energy on the feedline 610 can be transferred
to the antenna 600 and energy received at the antenna 600
can be transierred to the feedline 610. Examples of non-

contacting feed and antenna coupling arrangements are
described 1n U.S. Published Patent Application No. 2016/

0295335, entitled “NON-CONTACT ANTENNA FEED,”
which 1s commonly assigned to Starkey Laboratories, Inc.,
and incorporated herein by reference 1n 1ts entirety.

In accordance with some embodiments, at least one of the
first and second antenna elements 602, 604 includes one or
more slot radiating elements. In the embodiment shown 1n
FIG. 6, only one of the first and second antenna elements
602, 604 includes one or more slot radiating elements. More
particularly, the first antenna element 602 1s shown to
include a single slot radiating element 612. It 1s understood
that 1n some embodiments, a single antenna element (e.g.,
the first antenna element 602) can incorporate two or more
slot radiating elements. As shown, the slot radiating element
612 has a generally rectangular shape, but may be of any
shape as described herein. In some embodiments, the strap
606 may include one or more slot radiating elements. As
shown, the strap 606 includes a single slot radiating element
608. The slot radiating element 608 incorporated in the strap
606 1s shown to have a generally curvilinear rectangular
shape, but can be of any shape as described herein.

FIG. 7 illustrates an antenna 700 which includes one or
more slot radiating elements in accordance with various
embodiments. The antenna 700 shown 1n FIG. 7 1s config-
ured as a bowtie antenna shown i1n a flattened state for
illustrative purposes. The antenna 700 includes a first
antenna element 702, a second antenna element 704, and a
strap 706 connected to, and between, the first and second
antenna elements 702, 704. When 1nstalled 1n a hearing
device enclosure, the antenna 700 assumes a folded shape,
such that the first antenna element 702 1s oriented substan-
tially 1n opposition to, and roughly parallel with, the second
antenna element 704. A feedline 710 1s coupled to the first
and second antenna elements 702, 704 and a radio of the
hearing device.

In the embodiment shown 1n FIG. 7, each of the first and
second antenna elements 702, 704 includes one or more slot
radiating elements. More particularly, the first antenna ele-
ment 702 mcludes a single slot radiating element 712, and
the second antenna element 704 includes a single slot
radiating element 714. It 1s understood that 1n some embodi-
ments, one of the first and second antenna element 702, 704
can include a single slot radiating element, while the other
of the first and second antenna elements 702, 704 can
include a multiplicity of slot radiating elements. As shown,
the slot radiating element 712 has a generally “L” or step
shape, and the slot radiating element 714 has a generally
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trapezoidal shape. It 1s understood that slot radiating ele-
ments 712, 714 may be of any shape as described herein. In
some embodiments, the strap 706 may include one or more
slot radiating elements. As shown, the strap 706 includes a
single slot radiating element 708. The slot radiating element 5
708 1ncorporated 1n the strap 706 1s shown to have a
generally curvilinear rectangular shape, but can be of any
shape as described herein.

FIGS. 8A and 8B illustrate an antenna 800 which includes
slot radiating elements 1n accordance with various embodi- 10
ments. The antenna 800 1s configured as a bowtie antenna
and 1s 1llustrated 1n a folded state, which 1s the state the
antenna 800 assumes when installed 1n a hearing device
enclosure. The antenna 800 1s well suited for incorporation
in an RIC or BTE hearing aid, for example. The antenna 800 15
includes a first antenna element 802, a second antenna
clement 804, and a strap 806 connected to, and between, the
first and second antenna elements 802, 804. FIG. 8 A shows
the first antenna element 802 in the foreground, and the
second antenna clement 804 in the background. FIG. 8B 20
shows the antenna 800 rotated 180 degrees from the orien-
tation shown 1n FIG. 8 A. As shown, the first antenna element
802 15 oriented substantially in opposition to, and roughly
parallel with, the second antenna element 804. A feedline
810 1s coupled to the first and second antenna elements 802, 25
804 and a radio of the hearing device.

The antenna 800 has a back region 803 and a forward
region 805. In the back region 803, the first and second
antenna elements 802, 804 are substantially solid, and are
devoid of slot radiating elements. In the forward region 805, 30
the first and second antenna elements 802, 804 are substan-
tially solid and include slot radiating elements 812 and 814,
respectively. Simulation of the antenna 800 revealed that the
clectric field 1s strongest 1n the back region 803 and inside
the slot radiating elements 812, 814 of the antenna 800. The 35
clectric field data and the current pattern across the antenna
800 indicates that the back region 803 acts as a bowtie, while
the forward region 803 has a slot mode being excited. It 1s
noted that, in the embodiment shown in FIGS. 8A and 8B,
the first and second antenna elements 802, 804 include 40
channel cutouts 816 and 818 and circular cutouts 820 and
822, respectively. The channel cutouts 816, 818 and circular
cutouts 820, 822 are provided to meet mechanical require-
ments of the antenna 800 when 1nstalled 1n the housing of
the hearing device. 45

As 1llustrated, slot radiating element 812 has a generally
trapezoidal shape, and slot radiating e¢lement 814 has a
generally “L” or step shape. According to some embodi-
ments, the antenna 800 has a length, L, of approximately
0.61 inches, and a height, H, of about 0.28 inches. The first 50
and second antenna elements 802, 804 are separated by a
gap of about 0.2 inches 1n the region near the slot radiating
clements 812, 814. The slot radiating element 812 has a
length of about 0.142 inches, a height of about 0.169 inches
at the back (B), and a height of about 0.131 inches at the 55
front (F). The slot radiating element 814 has a length, L, of
about 0.162 inches at the bottom and about 0.05 inches at the
top. The slot radiating element 814 has a height, H, of about
0.144 inches at the back (B), and about 0.103 inches at the
front (F). It 1s understood that the dimensions of antenna 800 60
listed above are provided for non-limiting illustrative pur-
poses.

Several simulations were performed on the antenna 800
having designed cutouts (slot radiating elements 812, 814),
as well as on the antenna 800 having other cutout configu- 65
rations and no cutouts. The radiation efliciency and 1imped-
ance were measured for each of the antenna configurations.

10

Results of the simulation are shown 1n Table 1 below. It was
found that the antenna 800 with the designed cutouts 812,
814 had an additional 1.2 dB of radiation efhiciency as
compared to the antenna 800 lacking the designed cutouts
812, 814. For a hearing device, the additional 1.2 dB of
radiation efliciency provided by the slot radiating elements
812, 814 represents a significant increase in radiation eihi-
ciency ol the antenna 800.

TABLE 1

Radiation

Efficiency
Antenna (dB) Impedance (£2)
(1) No cutouts, capacitive component -10.14 15.28 + j247.39
(2) Designed cutouts, capacitive -8.97 12.08 + j156.2
component
(3) Long cutout, capacitive component -9.1% 12.85 + 1170.17
(4) Square cutout, capacitive component -9.3 14.31 + 1195.09
(5) No cutouts, inductive strap -9.79 5.25 +1232.68
(6) Designed cutouts, inductive strap -9.89 618.27 + 11106.28
(7) Long cutout, inductive strap -10.4 7.62 + 181.96
(8) Square cutout, inductive strap -11.17 10.53 + j0.39

In Table 1 above, antennas (1)-(4) included a capacitive
strap 806 connected to, and between, the first and second
antenna elements 802, 804. In the simulation of antennas
(1)-(4), the strap 806 included a lumped capacitive compo-
nent. Antennas (5)-(8) included an inductive strap 806
connected to, and between, the first and second antenna
clements 802, 804. In the simulation of antennas (5)-(8), the
strap 806 had a meandering shape that functioned as an
inductor. All values 1in Table 1 above were obtained for the
right side of the head and at a drniving frequency of 2.44
GHz.

The data in Table 1 above demonstrates that antennas
(2)-(4) had an improved radiation efliciency due to excita-
tion of the slot radiating elements 812, 814 (relative to
antenna (1) with no cutouts) while keeping a similar imped-
ance. The large vanation 1n impedance for antennas (5)-(8)
indicates that the cutouts 812, 814 did not operate as slot
radiating elements in these antenna configurations. It 1s
noted that care should be taken to ensure that the impedance
seen at the feedpoint 810 1s similar once the cutouts 802, 804
are created in the antenna 800. Failure to do so can reduce
the overall performance of the antenna 802 due to mismatch
losses.

FIG. 9A illustrates an antenna 900 which includes slot
radiating elements 1n accordance with various embodiments.
The antenna 900 1s configured as a bowtie antenna and 1s
illustrated 1n a folded state, which 1s the state the antenna
900 assumes when installed 1n a hearing device enclosure.
The antenna 900 1s well suited for incorporation 1n an RIC
or BTE hearing aid, for example. The antenna 900 includes
a first antenna element 902, a second antenna element 904,
and a strap 906 connected to, and between, the first and
second antenna elements 902, 904. As shown, the first
antenna element 902 1s oriented substantially 1n opposition
to, and roughly parallel with, the second antenna element
904. A feedline 910 1s coupled to the first and second antenna
clements 902, 904 and a radio of the hearing device.

The antenna 900 shown in FIG. 9A includes slot radiating,
clements 912 and 914 respectively incorporated in the first
and second antenna elements 902, 904. In the embodiment
shown 1n FIG. 9A, the slot radiating elements 912, 914 are
identical 1n size and shape, and are located 1n close prox-
imity to the feedpoint 910. The location of the slot radiating
elements 912, 914 of antenna 900 differs from that of the slot
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radiating elements 812, 814 of antenna 800 shown 1n FIGS.
8A and 8B. The slot radiating elements 812, 814 of antenna
800 are located distant from the feedpoint 810 (in the
forward region 805), whereas in antenna 900, the slot
radiating elements 912, 914 are located 1n close proximity to
the feedpoint 910 (in the back region under the feedpoint
910).

FIG. 9B illustrates an antenna 950 which includes slot
radiating elements 1n accordance with various embodiments.
The antenna 950 has substantially the same construction as
antenna 900 shown 1n FIG. 9A, but differs 1in terms of the
slot radiating elements. The antenna 950 includes a first
antenna element 952, a second antenna element 954, and a
strap 956 connected to, and between, the first and second
antenna elements 952, 954. As shown, the first antenna
clement 952 1s oniented substantially in opposition to, and
roughly parallel with, the second antenna element 954. A
feedline 960 1s coupled to the first and second antenna
clements 952, 954 and a radio of the hearing device. The
antenna 950 includes slot radiating elements 962 and 964
respectively incorporated in the first and second antenna
elements 952, 954. In the embodiment shown 1n FIG. 9B, the
slot radiating elements 962, 964 are identical 1n size and
shape, and are located in close proximity to the feedpoint
960.

With reference to FIGS. 9A and 9B, and 1n accordance
with some embodiments, antennas 900, 950 have a length,
L, of approximately 0.6 inches and a height, H, of about 0.3
inches. The first and second antenna elements 902, 952 and
904, 954 are spaced apart from one another by a gap of about
0.2 iches. The slot radiating elements 912, 914, 962, 964
are substantially rectangular in shape and have a length, L,
of about 0.135 inches and a height, H, of about 0.1 inches.
As 1s shown 1n FIG. 9B, each of the slot radiating elements
962, 964 includes an auxiliary slot 963 (not seen 1n second
antenna clement 954) which provides additional radiation
elliciency. The auxiliary slot 963 has a length, L, of about
0.1159 iches and a height, H, of about 0.0119 inches.

FIG. 10 1llustrates an antenna 1000 which includes slot
radiating elements 1n accordance with various embodiments.
The antenna 1000 includes a first antenna element 1002
comprising a slot radiating element 1012, and a second
antenna element 1004 comprising a slot radiating element
1014. The first antenna element 1002 1s oriented substan-
tially 1n opposition to, and roughly parallel with, the second
antenna element 1004. A feedpoint 1010 1s coupled to the
first and second antenna elements 1002, 1004 and a radio of
the hearing device. The antenna 1000 includes a front strap
1020 which includes a slot radiating element 1022. The front
strap 1020 1s connected to, and extends between, respective
front surfaces 1016, 1018 of the first and second antenna
elements 1002, 1004.

The antenna 1000 also includes a back strap 1030 which
includes a slot radiating element 1032. The back strap 1030
1s connected to, and extends between, respective back sur-
faces 1026, 1028 of the first and second antenna elements
1002, 1004. Inclusion of the front and back straps 1020,
1030 comprising slot radiating elements 1022, 1032 modi-
fies the polarization of the radiated signal for improving
car-to-ecar communication between a pair of hearing devices
that incorporate the antenna 1000. It 1s understood that slot
radiating elements 1012, 1014, 1022, 1032 may be of any
shape as described herein.

FIG. 11 1llustrates an antenna 1100 which includes slot
radiating elements 1n accordance with various embodiments.
The antenna 1100 includes a first antenna element 1102
comprising a slot radiating element 1112, and a second
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antenna element 1104 comprising a slot radiating element
1114. The first antenna element 1102 1s oriented substan-
tially 1n opposition to, and roughly parallel with, the second
antenna element 1104. A feedpoint 1110 1s coupled to the
first and second antenna elements 1102, 1104 and a radio of
the hearing device. The antenna 1100 includes a top strap
1120 which 1ncludes a slot radiating element 1122. The top
strap 1120 1s connected to, and extends between, respective
top surfaces 1117, 1119 of the first and second antenna

clements 1102, 1104. The top strap 1120 1s shown positioned
at the distal front end of the antenna 1100. In some embodi-
ments, the top strap 1120 can be positioned away from the
distal front end of the antenna 1100.

The antenna 1100 also includes a bottom strap 1130 which
includes a slot radiating element 1132. The bottom strap
1130 1s connected to, and extends between, respective
bottom surfaces 1127, 1129 of the first and second antenna
clements 1102, 1104. The bottom strap 1130 1s shown
positioned at the distal back and of the antenna 1100. In
some embodiments, the bottom strap 1130 can be positioned
away from the distal back end of the antenna 1100. Inclusion
of the top and bottom straps 1120, 1130 comprising slot
radiating elements 1122, 1132 modifies the polarization of
the radiated signal for improving ear-to-ear communication
between a pair of hearing devices that incorporate the
antenna 1100. It 1s understood that slot radiating elements
1112, 1114, 1122, 1132 may be of any shape as described
herein.

According to some embodiments, an antenna can include
one or a combination of any of the straps 1020, 1030, 1120,
1130 shown 1n FIGS. 10 and 11. For example, the antenna
1000 shown 1n FIG. 10 can exclude the front strap 1022 or
the back strap 1030. The antenna 1100 shown in FIG. 11 can
exclude the top strap 1120 or the bottom strap 1130. More-
over, an antenna can include selected straps from the
embodiment shown in FIGS. 10 and 11. For example, an
antenna can include one or both of the front and back straps
1020, 1030 1n combination with one or both of the top and
bottom straps 1120, 1130. Also, an antenna implemented 1n
accordance with antennas 1000 and 1100 can include or
exclude one or more of the slot radiating elements shown 1n
FIGS. 10 and 11.

FIG. 12 illustrates an antenna 1200 which includes slot
radiating elements 1n accordance with various embodiments.
The antenna 1200 includes a first antenna element 1202
comprising a slot radiating element 1212, and a second
antenna element 1204 comprising a slot radiating element
1214. A strap 1206 1s connected to, and extends between, the
first and second antenna elements 1202, 1204. A feedpoint
1210 1s coupled to the first and second antenna elements
1202, 1204 and a radio of the hearing device. In the
embodiment shown in FIG. 12, each of the slot radiating
clements 1212, 1214 1s filled with a dielectric or magnetic
material 1213, 1215. The material 1213, 1215 filling the slot
radiating elements 1212, 1214 changes the electric and/or
magnetic fields inside the slot radiating elements 1212,
1214. By changing the permittivity or permeability of the
space 1nside the slot radiating elements 1212, 1214, the
fields 1nside the slots 1212, 1214 also change, based on the
clectric and magnetic properties of the material 1213, 1215.
Because these fields 1nside the slot radiating elements 1212,
1214 also give rise to radiation, changing the electric and/or
magnetic field serves to modily the performance of the
antenna 1200, including the mput impedance and the radia-
tion efliciency. The type, amount, and distribution of the
dielectric or magnetic material 1213, 1215 can be selected to
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achieve desired radiation efliciency, input impedance, and
other performance parameters of the antenna 1200.

In general, and with reference to FIG. 13, a slot radiating
clement according to various embodiments 1s created by
cutting or otherwise providing a slot 1302 1n an existing
antenna (not shown), such as a bowtie-type or other type of
antenna. Electromagnetic theory dictates the performance of
the slot 1302, which 1s based on the size and shape of the
aperture and the driving frequency. Electric and magnetic
fields are created in the slot 1302 when 1t 1s excited, and
these fields are what gives rise to the radiation distribution
pattern. It 1s understood that incorporating a slot 1302 in an
existing antenna, such as a bowtie antenna, i1s notably
distinct from a slot fed antenna. One of ordinary skill in the
art would understand that a bowtie antenna that incorporates
one or more radiating slots 1s fundamentally different from
a bowtie antenna created out of the slot.

FIG. 13 shows the slot 1302 having a rectangular shape
with electric and magnetic fields illustrated within the slot
1302. More particularly, the solid vertical lines 1304 1llus-
trate the electric field, and the dashed horizontal lines 1306
illustrate the magnetic field. In the case of symmetrical
excitation of the slot 1302, the voltage reaches its maximum
at the center of the slot 1302, and 1s at a minimum at the
edges of the slot 1302. Contrastingly, the current 1s negative
at one edge of the slot 1302, reaches zero at the center, and
1s positive at the other edge of the slot 1302.

The slot 1302 has a length, L, and a width, W. According
to various embodiments, a typical slot 1302 incorporated in
an antenna of a hearing device has a length, L, of about A/10,
where the antenna 1s configured to operate 1n a frequency
range of about 2.4 GHz to about 2.48 GHz. In some
embodiments, the slot 1302 has a length, L, of about A/20 to
about A/10, where the antenna 1s configured to operate 1n a
frequency range of about 2.4 GHz to about 2.48 GHz.

The width, W, 1s generally smaller than the length, L, of
the slot 1302. The minmimum ratio of L: W for the slot 1302
to be excited 1s 1:1, which would be represented by a square
or a circle. The maximum ratio of L:W 1s limited by the
hearing device size and the manufacturability of the slot
1302 (e.g., how small a width, W, of the slot 1302 can be
manufactured). This maximum ratio 1s approximately 200:1,
which can be represented by a one-inch long antenna with a
0.005 inch wide slot 1302. Examples of usetul L-to-W ratios
of slot 1302 include 1:1, 1.5:1, 2:1, 2.5:1, and 3-5:1. Other
useful L-to-W ratios of slot 1302 include 5-10:1, 10-20:1,
20-50:1, 50-80:1, 80-120:1, 120-160:1, and 160-200:1.

According to various embodiments, a slot radiating ele-
ment can be excited with the varniety of different modes. For
example, a slot radiating element can be excited with various
transverse electric (TE) modes and various transverse mag-
netic (ITM) modes. FIG. 14 shows a slot radiating element
with a slot 1402 having a rectangular shape 1n accordance
with various embodiments. In FIG. 14, the slot 1402 1s
excited by a TE mode, such as a TE,, mode. When the slot
1402 15 excited by the TE,, mode, the electric field (1llus-
trated by solid vertical lines 1404) 1s perpendicular to the
direction of signal propagation, and the magnetic field
(1llustrated by dashed horizontal lines 1406) is 1n the direc-
tion of signal propagation. FIG. 15 shows a slot radiating
clement with a slot 1502 having a rectangular shape 1n
accordance with various embodiments. In FIG. 15, the slot
1502 1s excited by a TM mode, such as a TM,, mode. When
the slot 1502 1s excited by the TM,, mode, the magnetic field
(1llustrated by dashed lines 1506) i1s perpendicular to the
direction of signal propagation, and the electric field (1llus-
trated by solid lines 1504) i1s 1n the direction of signal
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propagation. These and other modes (e.g., higher TE and
TM modes) are contemplated.
This document discloses numerous embodiments, 1nclud-
ing but not limited to the following:
Item 1 1s an ear-worn electronic device configured to be
worn by a wearer, comprising;:
an enclosure configured to be supported by, in or on an ear
of the wearer;
clectronic circuitry disposed in the enclosure and com-
prising a wireless transceiver; and
an antenna disposed 1n or on the enclosure and coupled to
the wireless transceiver via a feedline, the antenna compris-
ng:
two antenna elements each comprising electrically con-
ductive material and having an area greater than an area
ol the feedline, the two antenna elements oriented
substantially in opposition to one another and at least
some of the electronic circuitry disposed between the
two antenna elements;
at least one strap connected to and between the two
antenna elements; and
at least one slot radiating element incorporated 1n at least
one of the two antenna elements and the at least one
strap.
Item 2 1s the device of item 1, wherein the at least one slot
radiating element 1s configured to radiate with the two
antenna elements to contribute to an electric field generated
by the antenna.
[tem 3 1s the device of item 1, wherein the antenna 1s
configured such that currents flowing through the two
antenna elements via the feedline excite the two antenna
clements and the at least one slot radiating element.
Item 4 1s the device of item 1, wherein the antenna comprises
at least one slot radiating element incorporated 1n each of the
two antenna elements.
Item 5 1s the device of item 1, wherein the antenna comprises
at least one slot radiating element 1incorporated 1n one of the
two antenna elements and the at least one strap.
Item 6 1s the device of item 1, wherein the antenna comprises
at least one slot radiating element incorporated in each of the
two antenna elements and the at least one strap.
Item 7 1s the device of item 1, wherein:
the at least one slot radiating element reduces an effective
aperture of the antenna; and
the at least one slot radiating element 1s configured to
increase a radiation ethiciency of the antenna notwithstand-
ing the at least one slot radiating element reduces the
cllective aperture of the antenna.
Item 8 1s the device of item 1, wherein a dielectric material
or a magnetic material 1s disposed within the at least one slot
radiating element.
Item 9 1s the device of item 1, wherein the at least one slot
radiating element has a generally regular or 1rregular
polygonal shape comprising a regular or irregular square,
rectangle, triangle, quadrilateral, trapezoid, rhombus, paral-
lelogram, kite, pentagon, hexagon, heptagon, octagon, nona-
gon, decagon or dodecagon, or a combination of any of these
shapes.
Item 10 1s the device of 1tem 1, wherein the at least one slot
radiating element has a generally curved or curvilinear shape
comprising a circle, oval, ellipse, crescent, quatrefoil, cur-
vilinear polygon, an arbitrary closed curve, or a combination
of any of these shapes.
Item 11 1s the device of item 1, wherein the wireless
transceiver and the antenna are configured to operate 1n a
frequency range of about 2.4 GHz to about 2.48 GHz.
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Item 12 1s an ear-worn electronic device configured to be
worn by a wearer, comprising;:

an enclosure configured to be supported by, 1n or on an ear
of the wearer;

clectronic circuitry disposed in the enclosure and com-
prising a wireless transceiver; and

an antenna disposed in or on the enclosure and coupled to
the wireless transcerver via a feedline, the antenna compris-
ng:

two operably coupled antenna elements each comprising

clectrically conductive material and having an area
greater than an area of the feedline, the two antenna
clements oriented substantially 1n opposition to one
another and at least some of the electronic circuitry
disposed between the two antenna elements; and

at least one slot radiating element incorporated in at least

one of the two antenna elements and configured such
that excitation of the antenna excites a slot mode of the
at least one slot radiating element.
Item 13 1s the device of item 12, wherein the at least one slot
radiating element 1s incorporated 1n each of the two antenna
clements.
Item 14 1s the device of item 12, wherein the at least one slot
radiating element 1s configured to radiate with the two
antenna elements to contribute to an electric field generated
by the antenna.
[tem 15 1s the device of item 12, wherein:

the at least one slot radiating element reduces an effective
aperture of the antenna; and

the at least one slot radiating element 1s configured to
increase a radiation ethiciency of the antenna notwithstand-
ing the at least one slot radiating element reduces the
cllective aperture of the antenna.

[tem 16 1s the device of item 12, wherein a dielectric
material or a magnetic material 1s disposed within the at least
one slot radiating element.

[tem 17 1s the device of item 12, wherein the slot mode of
the at least one slot radiating element comprises a transverse
clectric mode.

[tem 18 1s the device of item 12, wherein the slot mode of
the at least one slot radiating element comprises a transverse
magnetic mode.

Item 19 1s the device of item 12, wherein the at least one slot
radiating element comprises an N-sided polygon, where
N>=3.

[tem 20 1s the device of 1item 12, wherein the at least one slot
radiating element has a generally curved or curvilinear shape
comprising a circle, oval, ellipse, crescent, quatrefoil, cur-
vilinear polygon, an arbitrary closed curve, or a combination
of any of these shapes.

Item 21 1s the device of item 12, wherein the wireless
transceiver and the antenna are configured to operate 1n a
frequency range of about 2.4 GHz to about 2.48 GHz.

Although reference 1s made herein to the accompanying
set of drawings that form part of this disclosure, one of at
least ordinary skill in the art will appreciate that various
adaptations and modifications of the embodiments described
herein are within, or do not depart from, the scope of this
disclosure. For example, aspects of the embodiments
described herein may be combined 1n a variety of ways with
each other. Therefore, it 1s to be understood that, within the
scope of the appended claims, the claimed invention may be
practiced other than as explicitly described herein.

All references and publications cited herein are expressly
incorporated herein by reference in their entirety into this
disclosure, except to the extent they may directly contradict
this disclosure. Unless otherwise indicated, all numbers
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expressing feature sizes, amounts, and physical properties
used 1n the specification and claims may be understood as
being modified either by the term “exactly” or “about.”
Accordingly, unless indicated to the contrary, the numerical
parameters set forth i1n the foregoing specification and
attached claims are approximations that can vary depending
upon the desired properties sought to be obtained by those
skilled 1n the art utilizing the teachings disclosed herein or,
for example, within typical ranges of experimental error.

The recitation of numerical ranges by endpoints includes
all numbers subsumed within that range (e.g. 1 to 5 includes
1, 1.5, 2,2.75, 3, 3.80, 4, and 5) and any range within that
range. Herein, the terms “up to” or “no greater than” a
number (e.g., up to 50) includes the number (e.g., 50), and
the term “no less than™ a number (e.g., no less than 5)
includes the number (e.g., 3).

The terms “‘coupled” or “connected” refer to elements
being attached to each other either directly (1n direct contact
with each other) or indirectly (having one or more elements
between and attaching the two elements). Either term may
be modified by “operatively” and “operably,” which may be
used interchangeably, to describe that the coupling or con-
nection 1s configured to allow the components to interact to
carry out at least some functionality (for example, a radio
chip may be operably coupled to an antenna element to
provide a radio frequency electric signal for wireless com-
munication).

Terms related to orientation, such as “top,” “bottom,”
“s1ide,” and “end,” are used to describe relative positions of
components and are not meant to limit the orientation of the
embodiments contemplated. For example, an embodiment
described as having a “top” and “bottom”™ also encompasses
embodiments thereot rotated 1n various directions unless the
content clearly dictates otherwise.

Reference to “one embodiment,” “an embodiment,” “cer-
tain embodiments,” or “some embodiments,” etc., means
that a particular feature, configuration, composition, or char-
acteristic described 1n connection with the embodiment 1s
included 1n at least one embodiment of the disclosure. Thus,
the appearances of such phrases 1n various places throughout
are not necessarily referring to the same embodiment of the
disclosure. Furthermore, the particular features, configura-
tions, compositions, or characteristics may be combined in
any suitable manner 1n one or more embodiments.

The words “preferred” and “preferably” refer to embodi-
ments of the disclosure that may afford certain benefits,
under certain circumstances. However, other embodiments
may also be preferred, under the same or other circum-
stances. Furthermore, the recitation of one or more preferred
embodiments does not imply that other embodiments are not
useful and 1s not mtended to exclude other embodiments
from the scope of the disclosure.

As used 1n this specification and the appended claims, the
singular forms *“a,” “an,” and “the” encompass embodiments
having plural referents, unless the content clearly dictates
otherwise. As used 1n this specification and the appended
claims, the term “or” 1s generally employed in 1ts sense
including “and/or” unless the content clearly dictates other-
wise.

As used herein, “have,” “having,” “include,” “including,”
“comprise,” “comprising”’ or the like are used 1n their
open-ended sense, and generally mean “including, but not
limited to.” It will be understood that “consisting essentially
ol,” “consisting of” and the like are subsumed 1n “compris-
ing,” and the like. The term “and/or” means one or all of the
listed elements or a combination of at least two of the listed
clements.
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The phrases “at least one of,” “comprises at least one of,”

and “one or more of” followed by a list refers to any one of

the 1tems 1n the list and any combination of two or more
items 1n the list.

What 1s claimed 1s:

1. An ear-worn electronic device configured to be worn by
a wearer, the device comprising:

an enclosure configured to be supported by, 1n or on an ear

of the wearer;

clectronic circuitry disposed in the enclosure and com-

prising a wireless transceiver;

an antenna disposed 1n or on the enclosure and coupled to

the wireless transceiver via a feedline, the antenna

comprising:

two antenna elements each comprising electrically con-
ductive material and having an area greater than an
area of the feedline, the two antenna elements ori-
ented substantially 1n opposition to one another and
at least some of the electronic circuitry disposed
between the two antenna elements:

at least one strap connected to and between the two
antenna elements,

wherein at least one of the two antenna elements
defines at least one slot radiating element; and

a dielectric material or a magnetic material that 1s dis-

posed within the at least one slot radiating element.

2. The device of claim 1, wherein the at least one slot
radiating element 1s configured to radiate with the two
antenna elements to contribute to an electric field generated
by the antenna.

3. The device of claim 1, wherein the antenna 1s config-
ured such that currents tflowing through the two antenna
clements via the feedline excite the two antenna elements
and the at least one slot radiating element.

4. The device of claim 1, wherein each of the two antenna
clements defines a respective slot radiating element of the at
least one slot radiating element.

5. The device of claim 1, wherein only one of the two
antenna elements defines the at least one slot radiating
clement.

6. The device of claim 1, wherein each of the two antenna
clements and the at least one strap defines a slot radiating
clement.

7. The device of claim 1, wherein:

the at least one slot radiating element reduces an effective

aperture of the antenna; and

the at least one slot radiating element 1s configured to

increase a radiation efliciency of the antenna notwith-
standing the at least one slot radiating element reduces
the eflective aperture of the antenna.

8. The device of claim 1, wherein the at least one slot
radiating element comprises an N-sided polygon, where
N>=3.

9. The device of claim 1, wherein the at least one slot
radiating element has a generally curved or curvilinear shape
comprising a circle, oval, ellipse, crescent, quatrefoil, cur-
vilinear polygon, an arbitrary closed curve, or a combination
ol any of these shapes.

10. The device of claim 1, wherein the wireless trans-
ceiver and the antenna are configured to operate 1 a
frequency range of about 2.4 GHz to about 2.48 GHz.

11. An ear-worn electronic device configured to be worn
by a wearer, the device comprising:

an enclosure configured to be supported by, 1n or on an ear

of the wearer;

clectronic circuitry disposed in the enclosure and com-

prising a wireless transceiver;
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an antenna disposed 1n or on the enclosure and coupled to

the wireless transceiver via a feedline, the antenna

comprising:

two operably coupled antenna elements each compris-
ing electrically conductive material and having an
arca greater than an area of the feedline, the two
antenna elements oriented substantially in opposition
to one another and at least some of the electronic
circuitry disposed between the two antenna ele-
ments,

wherein at least one of the two antenna elements
defines at least one slot radiating element that 1s
configured such that excitation of the antenna excites
a slot mode of the at least one slot radiating element;
and

a dielectric material or a magnetic material that 1s dis-

posed within the at least one slot radiating element.

12. The device of claim 11, wherein each of the two
antenna elements defines a respective slot radiating element
of the at least one slot radiating element.

13. The device of claim 11, wherein the at least one slot
radiating element 1s configured to radiate with the two
antenna elements to contribute to an electric field generated
by the antenna.

14. The device of claim 11, wherein:

the at least one slot radiating element reduces an effective

aperture of the antenna; and

the at least one slot radiating element 1s configured to

increase a radiation efliciency of the antenna notwith-
standing the at least one slot radiating element reduces
the eflective aperture of the antenna.

15. The device of claim 11, wherein the slot mode of the
at least one slot radiating element comprises a transverse
clectric mode.

16. The device of claim 11, wherein the slot mode of the
at least one slot radiating element comprises a transverse
magnetic mode.

17. The device of claim 11, wherein the at least one slot
radiating element comprises an N-sided polygon, where
N>=3.

18. The device of claim 11, wherein the at least one slot
radiating element has a generally curved or curvilinear shape
comprising a circle, oval, ellipse, crescent, quatrefoil, cur-
vilinear polygon, an arbitrary closed curve, or a combination
of any of these shapes.

19. The device of claim 11, wherein the wireless trans-
ceiver and the antenna are configured to operate 1 a
frequency range of about 2.4 GHz to about 2.48 GHz.

20. An ear-worn electronic device configured to be worn
by a wearer, the ear-worn electronic device comprising:

an enclosure configured to be supported by, in or on an ear

of the wearer;

clectronic circuitry disposed in the enclosure and com-

prising a wireless transceiver;

an antenna disposed 1n or on the enclosure and coupled to

the wireless transceiver via a feedline, the antenna

comprising;:

two antenna elements each comprising electrically con-
ductive material and having an area greater than an
area of the feedline, the two antenna elements ori-
ented substantially in opposition to one another, and
at least some of the electronic circuitry disposed
between the two antenna elements;

at least one strap connected to and between the two
antenna elements,

wherein each of the two antenna elements defines at
least one slot radiating element.
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21. The device of claim 1, wherein the at least one strap
defines one or more additional slot radiating elements.

22. The device of claim 20, wherein the at least one strap
defines one or more additional slot radiating elements.
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